Objective. Sj€ ogren's syndrome (SS) and systemic lupus erythematosus (SLE) are related by clinical and serologic manifestations as well as genetic risks. Both diseases are more commonly found in women than in men, at a ratio of~10 to 1. Common X chromosome aneuploidies, 47,XXY and 47,XXX, are enriched among men and women, respectively, in either disease, suggesting a dose effect on the X chromosome.
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45,X/46,XX/47,XXX. Among~2,100 women with SS, 1 patient had 45,X/46,XX/47,XXX, with a triplication of the distal p arm of the X chromosome in the 47,XXX cells. Neither the triple mosaic nor the partial triplication was found among the controls. In another SS cohort, we found a mother/daughter pair with partial triplication of this same region of the X chromosome. The triple mosaic occurs in~1 in 25,000-50,000 live female births, while partial triplications are even rarer.
Conclusion. Very rare X chromosome abnormalities are present among patients with either SS or SLE and may inform the location of a gene(s) that mediates an X dose effect, as well as critical cell types in which such an effect is operative.
Systemic lupus erythematosus (SLE) and Sj€ ogren's syndrome (SS) are related by common autoimmune serology, clinical manifestations, and genetics, as well as a strong bias for the female sex. The sex bias for SLE is~10 to 1 (1, 2) , while among those with SS, women are overrepresented by 10-15-fold (3).
Aneuploidy of the X chromosome is common in humans. Klinefelter's syndrome (male 47,XXY) occurs in~1 in 500 live male births, but 80% of these men remain undiagnosed (4) . Moreover, 47,XXX is found in~1 in 1,000 live female births, with only~1% identified (5,6). We have found excess 47,XXY among men with either SLE (7, 8) or SS (9), as well as excess 47,XXX among women with these diseases (10) . On this basis, we have proposed an X chromosome dose effect for the sex bias of SLE and SS. Such a bias might be mediated by specific genes that escape X inactivation, by global escape of X inactivation in specific cell types (11) , by interference with immune tolerance via increased production of X chromosome gene products (12) , or by an effect on the immune system through the mosaicism of random X inactivation (13) .
We previously described a man with 46,XX who was identified among 316 men with SLE (14) . This X chromosome abnormality occurs in as few as 1 in 25,000-50,000 live-born boys. We undertook the present study to examine women with either SLE or SS for rare X chromosome aneuploidies.
PATIENTS AND METHODS
Patients. We studied a large cohort of SLE patients, 60% of whom were of European heritage and~40% of African heritage, who were gathered for genetic and other studies, as described in detail elsewhere (15) . In addition, we studied a large cohort of patients with primary SS, all of whom did not meet the criteria for other autoimmune rheumatic diseases (16, 17) ; those with secondary SS were excluded. Patients met the respective research classification criteria for each of the diseases (18, 19) . Women who were demonstrated not to have SLE or SS served as controls. As previously described (10), controls were screened for autoimmune rheumatic diseases, and none was identified.
X chromosome analyses. The study subjects were screened for X chromosome abnormalities by examining intensity plots of X chromosome single-nucleotide polymorphism (SNP) alleles, as we have previously described (8, 10) . In these displays (so-called b plots), the fluorescent intensity of the b allele is divided by the intensity of the a and b alleles, which gives values of 1.0 for homozygous b SNPs, 0.5 for heterozygous ab SNPs, and 0.0 for homozygous a SNPs. However, a person with 3 X chromosomes will have b plot results of 0.33 for aab SNP alleles and 0.67 for abb alleles. Subjects with abnormal b plot results were then studied by examining the karyotype of peripheral blood mononuclear cells or by florescence in situ hybridization, as previously described (8) . Some subjects were studied directly with karyotyping according to standard methods in a Clinical Laboratory Improvement Amendments-approved laboratory.
Statistical analysis. We calculated binomial 95% confidence intervals for ratios. To calculate the prevalence of SLE among individuals with X triple mosaic, we used Bayes' theorem as previously described (8) . The following formula was used:
where P(B/A) is the prevalence of SLE among those with the triple mosaic, P(A/B) is the prevalence of the triple mosaic among SLE patients, P(B) is the prevalence of SLE in the 
RESULTS
Among 2,426 women with SLE, we found 3 with the rare triple mosaic of 45,X/46,XX/47,XXX based on the b plots; these results were confirmed by G-band karyotyping of 50 cells (Table 1 ). These SLE patients had approximately the same ratio of cells with the abnormal X chromosome number: only 3% of cells were either 45,X or 47,XXX, while a large majority (~94%) carried 46,XX. In examination of their clinical records, there was no diagnosis or clinical evidence of Figure 1 . A, B plot of the X chromosome of a Sj€ ogren's syndrome (SS) patient. The distal aspect of the p arm demonstrates a 4-band pattern consistent with 3 copies of this portion of the X chromosome. The centromeric half of Xp and Xq demonstrates a 3-band pattern consistent with 2 copies of these portions of the X chromosome. The plot was constructed by dividing the fluorescent intensity of the b allele by the intensity of the a plus b alleles. B, Karyotype of the X chromosome of all 3 cell types found in the same SS patient. One normal X chromosome was found in 10% of cells (left), 2 normal X chromosomes were found in 65% of cells (middle), and 1 normal X chromosome along with an X chromosome with a nonreciprocal translocation of distal Xp was found in 25% of cells (right). Arrows indicate the missing X chromosome (solid arrow at far left), the junction of the normal X chromosome with triplicated Xp region (broken arrow at far right), and the abnormal X chromosome with the additional Xp segment (solid arrow at far right). Cytogenetic designation is given for this patient's X chromosome complement. C, Diagram of the X chromosome abnormalities found in this study. A normal X chromosome, X chromosomes from a mother and daughter with SS from the UK, and an X triple mosaic defect in the X chromosome from an SS patient at the Oklahoma Medical Research Foundation (OMRF) are shown.
Turner's syndrome, abnormal sexual development, or infertility. Binomial 95% confidence intervals for the ratio 3 in 2,426 (0.0012 [1 in 809]) were 0.0003-0.0036 (1 in 3,333 to 1 in 278), which therefore did not include the estimated birth rate of 1 in 25,000 for 45,X/46,XX/ 47,XXX (5, 20, 21) . Thus, we concluded that there is a statistically significant increase in the prevalence of the X chromosome triple mosaic among SLE patients.
We used Bayes' theorem to calculate the prevalence of SLE among women carrying the X triple mosaic. For this calculation, we assumed a prevalence of 1 in 1,000 for SLE, along with a prevalence of 1 in 25,000 for the X triple mosaic. The calculation predicted that 1 in 32 individuals with 45,X/46,XX/ 47,XXX will have SLE.
Among 2,138 women with SS, we did not find a subject with the X chromosome triple mosaic described above. Instead, when examining X chromosome b plots, we noted a single subject with a partial triplication of the X chromosome p arm. That is, distal Xp showed 4 intensity bands (at 0.0, 0.3, 0.6, and 1.0), indicating 3 copies of this portion of the X chromosome, but other areas of the X chromosome showed only 3 bands (at 0.0, 0.5, and 1.0). The latter is the pattern for 2 X chromosomes ( Figure 1A ). We obtained a blood sample from this subject and performed karyotyping, which showed a triple X chromosome mosaic, with 2 of 20 cells examined (10%) carrying 45,X and 13 of 20 cells (65%) carrying 46,XX, while 5 of 20 cells (25%) had a triplication of the distal portion of the p arm of the X chromosome ( Figure 1B ). This additional, triplicated portion of X consisted of a nonreciprocal translocation onto 1 of the X chromosomes: 47,XX +Xp . By karyotype, this abnormality was designated 45,X/46,XX/ 46,X,der(X)(pter>q28::p11.4>pter) (Figure 1) .
We identified another SS patient with a rare X chromosome abnormality in a UK cohort of SS patients. The patient was studied by karyotyping when she was a child because of the presence of epilepsy, oligomenorrhea, and thyroid dysfunction. That study showed 1 normal X chromosome and 1 isochrome Xp, that is, an X chromosome with 2 p arms ( Figure 1C) . Her mother had an inverted segment of Xq (Figure 1C) . Both the mother and daughter have SS. This entire UK cohort of 940 SS patients has not been systematically studied for X chromosome abnormalities, as 700 are included among the 2,138 studied above. So, while the identification of this partial triplication of Xp must be considered anecdotal, the triplicated region overlaps with the one found among the systematically studied patients ( Figure 1C) . Thus, this incidentally found X chromosome abnormality supports the idea that a gene or genes within distal Xp mediate the X chromosome dose effect.
We found no control subject (n = 2,712) with the X chromosome triple mosaic or any variant thereof (Table 1) .
DISCUSSION
Similar to many other autoimmune diseases, SLE and SS have a marked sex bias, with~10 times more women affected than men. A number of hypotheses have been proposed, and some of these tested, to explain the marked sex bias in these diseases. An obvious difference is sex hormones, which might include not only estrogen, androgen, and progesterone, but also prolactin (22) . Several estrogenic effects, including differentiation of T helper cells, induction of interferon, and survival of B cells, may predispose to autoimmune disease (23) , as well as the recently described effects on the autoimmune regulator gene AIRE (24) . A counterargument to the hormone hypothesis is that sex hormones are within normal limits at the time of SLE diagnosis (25, 26) and are not different between men with SLE and men with other chronic, nonautoimmune disease (27) . However, men with untreated hypogonadism are reported to be at high risk of SLE (28) . There is no evidence of acquired X monosomy among women with SLE (29, 30) , as there is among those with autoimmune thyroid disease (31) or primary biliary cirrhosis (32) .
Failure to inactivate an X chromosome in activated CD4+ T cells is found in SLE patients (33) (34) (35) and lupus-prone mice (36) with failure to methylate, and thus silence, X-linked immune genes (37) . A recent study showed a global difference in X chromosome inactivation in resting lymphocytes, which was associated with biallelic expression of genes from the lymphocytes of SLE patients (11) . Other investigators have proposed that an overall effect of X reactivation might perturb immune tolerance (12) . Each of these proposed mechanisms might underlie a gene-dose effect on the X chromosome, which might involve 1 or more immune-related proteins encoded on the X chromosome.
We have found very rare X chromosome abnormalities among patients with either SLE or SS. Based on karyotypes of consecutive live births (5, 20, 38) , the 45,X/46,X/47,XXX triple mosaic is found in~1 in 25,000 live-born girls, but was present in~1 in 800 women with SLE. We did not find and did not expect to find the rare triple mosaic among our controls, which number only just above 2,000 persons. But, past studies of >25,000 live female births (5, 20, 21, 38) serve as an external validation of the incidence and prevalence of the 45,X/46,XX/47,XXX mosaic. Meanwhile, the 45,X/46,XX/47,XX +Xp found in 1 of our SS patients is nearly unprecedented (39) .
Finding these X chromosome rarities has several implications. For example, only a small percentage of cells from these patients carried the additional X chromosome or portion of the X chromosome. The data reported by Wang et al (11) are consistent with this finding, as the unusual maintenance of X chromosome inactivation in lymphocytes leads to biallelic expression of X-linked genes in only a few cells. In addition, similar to those in whom 100% of cells carried 47,XXX (10), the 4 patients we described have no evidence of abnormal sex hormones or sexual development. Likewise, hormone imbalance due to Turner's syndrome, which is likely underrepresented among SLE patients (7), is not expected with the low proportion of 45,X cells in our patients. Thus, estrogen, progesterone, or androgen differences cannot be invoked as an explanation of the apparent association of the X triple mosaic with SLE and SS.
Despite the associations we found, an increased prevalence of these rare X chromosome aneuploidies does not prove causality. Nonetheless, given the rarity of these X chromosome abnormalities, association by chance alone seems unlikely to us. The mechanism by which additional X chromosomes or distal Xp fragments increase the risk of these diseases remains to be determined but will provide evidence of causality. Perhaps the findings reported herein give important clues that can be used to direct and narrow the candidate genes affecting the X chromosome dose effect. The distal p arm of the X chromosome contains multiple genes that escape X inactivation (11) . Thus, the finding of a partial trisomy of this portion of the X chromosome in these patients suggests, but does not prove, that the gene or genes that mediate this effect are found in this region. There are a number of past examples in which identification of an abnormality on karyotype in an affected individual led to much more rapid identification of the genetic cause of a particular disease. These include Duchenne's and Becker's muscular dystrophies, Angelman's syndrome, and fragile X syndrome. Perhaps relevant to the findings herein, however, was the identification of a chromosome X-21 balanced translocation in a girl with Duchenne's muscular dystrophy. This finding gave the location of the gene on the X chromosome long before identification was possible through reverse genetics studies (40) .
In summary, we suspect that these SLE and SS with X chromosome abnormalities greatly inform the common situation of the marked sex bias between 46,XX women and 46,XY men. Future studies using the localization provided by the very rare patients described herein may be able to concentrate on genes within this shared triplicated region of Xp as the mediators of the X chromosome dose effect for sex bias in SLE and SS.
